We show that a magnetic field can influence the proximity effect in NS junctions via diamagnetic screening current flowing in the superconductor. Using ballistic quasi-one-dimensional ͑Q1D͒ electron channels as an example, we show that the supercurrent flow shifts the proximity-induced minigap in the excitation spectrum of a Q1D system from the Fermi level to higher quasiparticle energies. Thermal conductance of a Q1D channel ͑normalized by that of a normal Q1D ballistic system͒ is predicted to manifest such a spectral feature as a nonmonotonic behavior at temperatures corresponding to the energy of excitation into the gapful part of the spectrum. DOI: 10.1103/PhysRevB.69.092503 PACS number͑s͒: 74.45.ϩc, 74.50.ϩr, 73.23.Ad The superconducting proximity effect is a mesoscopic scale phenomenon, which consists of the penetration and coherent propagation of Cooper pairs from a superconductor ͑S͒ into a normal metal ͑N͒. The Cooper pair transfer into the normal metal can be equivalently described as an Andreev reflection process 1 which consists of electron ͑with momentum p) conversion into the Fermi sea hole ͑with momentum Ϫp) at the NS interface. The interference between an electron and the Andreev reflected hole imposes a minigap onto the spectrum of quasiparticle excitation near the Fermi level in the normal part of such a hybrid structure, 2 thus giving rise to pronounced features in its I(V) characteristics 3-5 and thermoelectric properties. 6 Studies of the proximity effect have recently been made in various combinations of materials, including junctions between superconductors and semiconductor structures 3 supporting a two-dimensional electron gas. In the case of electrons in a semiconductor structure weakly coupled to a superconductor, the minigap value discussed in the literature 7,8 is much smaller than that of the ''mother'' gap in the superconductor, both due to the mismatch v F Ӷv S between Fermi velocities in the twodimensional gas ͓v F ϭ(2E F /m) 1/2 ͔ and a superconducting metal (v S ), and also due to a possible Schottky barrier between them, with transparency ϳe Ϫ2a/ ͑dependent on the length of electron penetration into the barrier of the thick-
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It has been noticed that the electron-hole interferences and the SN proximity effect in hybride structures survive at higher magnetic fields than the weak localization-another quantum interference effect. [3] [4] [5] This has been understood as a consequence of the fact that the interfering electron and Andreev-reflected hole retrace the same geometrical path in the normal metal, thus hardly encircling any magnetic flux. 9 Therefore, another mechanism of magnetic field influence on the superconducting proximity needs to be taken into account, via a screening diamagnetic supercurrent on the S-side of the hybrid structure. Since Andreev reflection takes place at the NS interface, where Cooper pairs flow, the incoming electron and the hole reflected by a moving condensate of Cooper pairs would be slightly shifted in momentum space; hence the ideal condition for them to retrace the same geometrical path is violated. As the orbital effect of the magnetic field on the normal metal or semiconductor side of the system is weak, the influence via diamagnetic screening may be the major factor of magnetic field influence on the superconducting proximity effect.
Below, we analyze the influence of diamagnetic supercurrent in the system where the latter would be the only way a magnetic field might affect the proximity effect: a ballistic one-dimensional conductor connected in parallel to a superconducting bulk ͓Fig. 1͑a͔͒. To be specific, we model such a conductor as a quasi-one-dimensional ͑Q1D͒ channel formed near the edge of a 2D electron gas in a heterostructure (x-y plane͒ with the side contact to a superconducting film, by depleting the 2D gas using a split top gate, and subjected to a weak magnetic field Bϭ(0;0;B). We show that the spectrum of low-energy quasiparticle excitiation in such a hybrid system has the minigap displaced with respect to the Fermi level to higher energies,
reflecting the fact that Cooper pairs in the channel are forced into the flow while tunneling from the bulk of the superconductor ͑where they are formed of two electrons with exactly opposite momenta͒ across the region of penetration of the magnetic field. ͓The Zeeman splitting effect is also taken care of by the term ␣ Z (␣ is the spin projection͒ in Eq. ͑1͔͒. As a result, each of the two electrons acquires the momentum shift
caused by the Lorentz force and equal to the difference between the vector potential Aϭ(0,A,0) deep inside the superconductor, Aϭ0, and, at its surface, AϭB␦ tanh(L/2␦), where ␦ and L stand for the London penetration depth and the superconductor film thickness, respectively. The spectrum described by Eq. ͑1͒ can also be understood as one of the Bogolubov quasiparticles in the laboratory frame, where the equilibrium conditions are set by the heat reservoirs, for the condensate moving along the Q1D channel with the drift velocity ⌸/m (m is the effective electron in the semiconductor͒. According to Eq. ͑1͒ the minigap is removed from the Fermi level when the field reaches the value
where B c1 and are the first critical field and the coherence length in the superconductor. The removal of a minigap from the Fermi level caused by a magnetic field would manifest itself in the transport properties of a hybrid sytem, such as the electron-mediated heat transfer. The ballistic quasiparticle spectrum in Eq. ͑1͒ gives rise to the thermal conductance
where N (T)ϭk B 2 T/3ប is the conductance of a normal quantum ballistic wire. 10 At a zero magnetic field, the temperature dependence of is activational, (TϽE g /k B ) ϰe ϪE g /k B T , whereas at high fields, when there is no gap at the Fermi energy, (T,B)ϭ N (T). The crossover from low to high fields takes place at B* ͓Eq. ͑3͔͒ and reflects the presence of a minigap E g in the quasiparticle spectrum at finite excitation energies. This results in a nonmonotonic temperature and magnetic field dependence of the ratio (T,B)/ N (T).
The analysis of the quasiparticle spectrum formed due to multiple Andreev reflections in this paper is based on the standard weak-coupling approach to the proximity effect description in superconductor junctions with normal metals and electron layers in semiconductors. 7 To be specific, we describe the Q1D confinement ͑provided by a gate͒ by the 2D electron wave function (x) localized in the x direction, whose magnitude at the interface can be estimated from the boundary condition (0)ϭ‫ץ‬ x (0), with standing for the electron penetration length into the barrier. The Fermi momentum of the Q1D system p F and 3D electron density on the semiconductor side are assumed to be much smaller than those in the superconductor, and we also take the tunneling coefficient ϳexp(Ϫ2a/) as a small parameter. These assumptions enable us to neglect the influence of the normal system on the superconductor and to investigate the proximity effect in the Q1D system without feedback.
In the presence of a magnetic field Bϭ(0;0;B) it is convenient to choose the vector potential to be parallel to the interface, A(x)ϭ͓0,A(x),0͔ in order to deal with a real order parameter in the superconductor. The vector potential A(x) acting on the normal electrons must be found selfconsistently, taking into account the screening of the external magnetic field B by a diamagnetic supercurrent. 2, 11 Inside the superconductor A(x) can be found from the London equation with the boundary conditions ‫ץ‬ x A(Ϫa)ϭB and ‫ץ‬ x A(Ϫa ϪL)ϭB as follows: ϷA(Ϫa)ϭB␦ tanh(L/2␦), which will be used below to determine the quasiparticle spectrum in the channel. We describe superconducting correlations in the Q1D channel using a pair of coupled equations for p (t)
)-creation and annihilation operators: 
characterizes the tunneling coupling to the superconductor and the electron momentum shift in the magnetic field ⌸ is related to the vector potential by Eq. ͑2͒. In Eq. ͑5͒,
G(t,tЈ)ϵG(xϭϪa,xЈϭϪa,tϪtЈ)
and F(t,tЈ)ϵF(x ϭϪa,xЈϭϪa,tϪtЈ) are the normal and anomalous Green functions of the superconductor at its boundary; 2 and 3 are Pauli matrices ( t is transposed to ). Since the size of the Fermi sea in the semiconductor wire is much smaller than in the superconductor, one can ignore the dependence of G and F on the momentum parallel to the interface: only electrons in the superconductor moving nearly perpendicularly to the interface can tunnel into the Q1D wire. Since we are interested in the low-temperature regime k B TϳE g Ӷ⌬, we will neglect the terms containing the normal Green function G in Eqs. ͑5͒. For the chosen gauge, the anomalous Green function of the superconductor, F in Eqs. ͑5͒ has no phase factors, despite the presence of a magnetic field. For a weak field BӶB c1 , its time Fourier transform can be estimated as
2 ), with p x being the normal electron dispersion near the Fermi level in the superconductor. The integration over the perpendicular mo-
, thus giving us the minigap E g ϭF(⑀ϭ0) mentioned in the introduction and obtained in earlier publications. 7 The solution of Eqs. ͑5͒ for ⑀Ӷ⌬ is given by the Bogolubov transformation of the forms
where b ␣p and b Ϫ␣Ϫp † are Bogolubov's quasiparticle operators, and the excitation spectrum ⑀ ␣p Ϯ is given by Eq. ͑1͒ ͑see Fig. 2͒ . The Zeeman term in Eq. ͑1͒ turns out to be much smaller than the orbital one E Z /v F ⌸ϳg/k F min(␦,L) Ӷ1-unless the electron g-factor is anomalously large.
Due to the motion of the Q1D condensate the excitation energy curve is tilted by energy v F ⌸ sgn p. The field B* ͓Eq. ͑3͔͒ at which the minigap is removed from the Fermi level is determined by the condition that v F ⌸ϭE g . Note that at higher fields B*ϽBӶB c1 , the quasiparticle spectrum remains gapful, with the center of the gap moved to energies ϳE g . Now we turn to the calculation of the thermal conductance (T,B) of a long Q1D channel whose ends are kept at temperatures T and Tϩ⌬T (⌬TӶT). Since no heat can get into the strongly gaped superconductor, the middle of the wire represents a bottleneck for the heat transport, so that we can analyze (T,B) in the infinite wire geometry. The expression for the energy current operator j ⑀ (yt) in a wire can be found from the continuity equation ‫ץ‬ y j ⑀ (yt) ϭϪ‫ץ‬ t ⑀ (yt), where the density of energy ⑀ (yt) corresponding to the equations of motion ͑5͒ is
where ␣ (yt)ϭL y Ϫ1/2 ͚ p ␣ (t)exp(ipy/ប) with L y being the length of the Q1D system, and p ϭϪiប‫ץ‬ y . Using the Bogo lubov transformation ͑6͒ for ␣ (t), for the density of energy one finds
In order to satisfy the continuity equation with ⑀ (yt) given by Eq. ͑8͒ the energy current j ⑀ (yt) must have the following form:
Schematic view of the quasiparticle spectrum described by Eq. ͑1͒.
In Eq. ͑9͒ we have already omitted the terms containing
and b Ϫ␣Ϫp b ␣p Ј which vanish after the averaging. The averaged value of the energy current j ⑀ can be written as the sum of two contributions:
The first of them can be attributed to the supercurrent flow and cannot transfer heat, whereas j q represents the heat current:
The latter is determined by the energy distributions, n(⑀ ␣p ϩ ) and the group velocity, ‫ץ‬ p ⑀ ␣p ϩ of quasiparticles. We express the energy currents ͑10͒ and ͑11͒ in terms of the ''ϩ''-branch of the spectrum ͑1͒ using the relationship ⑀ ␣p Ϫ ϭϪ⑀ Ϫ␣Ϫp ϩ and the symmetry of the limits in the sum. The distribution functions of rightmovers ‫ץ(‬ p ⑀ ␣p6 ϩ Ͼ0) and leftmovers ‫ץ(‬ p ⑀ ␣p ϩ Ͻ0) are assumed to be different and set by reservoirs, as n(⑀ ␣p ϩ ,Tϩ⌬T) and n(⑀ ␣p ϩ ,T), respectively. Using this, we determine the thermal conductance (T,B) given by Eq. ͑4͒ as the proportionality coefficient between the heat current and the temperature drop, j q ϭ(T,B)⌬T. Fig. 3͑a͒ shows the thermal conductance ͑4͒ normalized by that of a normal wire as a function of k B T/E g for different values of the magnetic field. Plot A is related to Bϭ0 and shows how the conductance exponentially decreases at temperatures smaller than the minigap E g . Curves B and C show what happens when the field crosses the value of B*, at which the edge of the minigap is about to reach the Fermi level. For BϽB* ͑curve B), (T)/ N (T) is exponentially small only if k B TϽE g Ϫv F ⌸ӶE g . When the temperature is in the interval E g Ϫv F ⌸Ͻk B TϽE g ϩv F ⌸, quasiparticles with negative momenta pϷϪp F transfer heat, whereas the states with positive p are still unpopulated. This interval corresponds to the plato in curve B where the conductance (T) is half of that in the normal state. At higher temperatures, k B TϾE g ϩv F ⌸ the asymmetry of the excitation spectrum no longer matters, and (T)Ϸ N (T).
When the field exceeds B* ͑curves C and D), the dependence (T)/ N (T) becomes nonmonotonic. As in a normal wire, at low temperatures k B TӶv F ⌸ϪE g there are two leftmoving and two right-moving modes capable of tranferring heat, which gives (T)ϭ N (T). At intermediate temperatures v F ⌸ϪE g Ӷk B TӶE g ϩv F ⌸, only the states with negative momenta contribute to the thermal conductance: (T) ϭ N (T)/2. At higher temperatures the conductance recovers a normal metallic behavior. Finally, when BӷB* the minimum in (T)/ N (T) is less pronounced and the heat conductance behavior becomes indistinguishable from that of a normal wire. The magnetic field dependence of / N is given in Fig. 3͑b͒ .
